Abstract Olive oil is a major economic resource of the Mediterranean region. Olive crop management can be improved by models that forecast the variable reproductive biology of olive tree. However, the processes controlling olive harvest are complex on large scales. Here, we study the parameters that influence olive fruit production for developing accurate forecasting models. Seventeen aerobiological sampling points have monitored olive pollen grains in Spain, Italy and Tunisia from 1993 to 2012. Six crop models have been developed at two provinces and country scales. The modelling has been done in two steps: (1) typification and (2) modelling by partial least square regression. Results show that higher pollen indexes and water availability during spring are related to an increase of final fruit production in all the studied area. Higher pollen indexes are also positively correlated with air temperature during early spring and autumn. Furthermore, a decrease of fruit production is related with increasing air temperature during winter and summer. To conclude, we have designed accurate models that allow accurate predictions of olive production.
Introduction
Olive (Olea europaea L.) is one of the most extensive crops in the Mediterranean basin (Fig. 1) . Olive fruit and oil are among the most important products for the economy of this area (Lavee 1996) . Indeed, 95 % of the total area under olive production is concentrated in the Mediterranean basin. Olive cultivation is believed to have originated about 6,000 years ago in the Middle East (now Israel). The profitability of the cultivation of olive is mainly obtained from olive oil production (90 % of the economic benefit), and hence less so from the commerce of fresh fruit (Vossen 2007; Barranco et al. 2008) .
Early and effective crop forecasting is essential for optimisation of technical and human resources for olive harvesting and for planning global marketing and commercial distribution of olive oil. Nowadays, crop fruit production has been forecasted using several methods, such as crop growth monitoring system models, time trends or based on satellite measurements (Palm 1995; Bastiaanssen and Ali 2003; Fei et al. 2012) . While the most widely used method for crop estimation is by visual observation prior to the harvest, in the case of anemophilous species, good results can be obtained by modelling pollen release as an index of the flowering intensity and as a bioindicator of the pollination period (Muñoz et al. 2000; García-Mozo et al. 2012) . In anemophilous species, the annual airborne pollen has been demonstrated to be a good indicator of flowering intensity and timing during certain phenological stages (Keynan et al. 1989; Aguilera and Ruiz-Valenzuela 2009; León-Ruiz et al. 2011) . Nevertheless, there are other external parameters that also affect different essential processes on fruit production including in particular the weather, but also pollination, fruit setting, fruit fattening and the favourability for pests. Therefore, different studies on olive production have included meteorological variables in combination with annual airborne pollen to obtain more accurate indications Orlandi et al. 2010 ).
The present study has been designed to identify the main abiotic parameters that influences more olive fruit production in three of the main olive-producing countries of the world: Spain, Italy and Tunisia and also to develop accurate forecasting models of crop production in several areas of the Mediterranean basin. In general, the areas devoted to this crop in those countries have a Mediterranean climate, which is characterised by hot, dry summers and mild, rainy winters. However, this climate area is also characterised by marked year-on-year variations in the weather patterns with great spatial variability. On the other hand, the Mediterranean basin has been identified as one of the most affected areas of the world in future climate change projections. Knowledge about the abiotic parameters that contribute more to crop production in this area can offer important information to predict the potential impacts of climate change (IPCC WGII 2007; Giorgi and Lionello 2008; Lavalle et al. 2009; Sicard et al. 2012; Orlandi et al. 2013) .
One objective of this paper has been to propose three integrated national models for olive fruit production in the Mediterranean basin at country scale for Spain, Italy and Tunisia taking into account both different meteorological and airborne pollen parameters for modelling with a novel statistical methodology. A second goal has been focus to construct forecasting models at province scale to provide accurate models that can be better adapted to different crops, cultivars or weather conditions, where different abiotic parameters can play an important role.
Materials and methods
Different variables were taken into account in this study, including airborne olive pollen counts, meteorological parameters and agronomic reports over the last 20 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . The studied areas stretch across the Mediterranean basin and included three of the main olive oil production countries in the world (up to 66.5 % of world production): Spain (47 %), Italy (14.5 %) and Tunisia (5 %) (IOC 2011) .
In these countries, the main olive-growing areas have been airborne pollen monitored. In Spain, these sampling points cover 74 % of the national production: Jaen (41 %), Córdoba (20 %), Granada (8 %) and Malaga (5 %) (Ssya 2011). In Italy, these sampling points cover 83.2 % of the national production: Umbria (1 %), two in Campania (8 %), two in Puglia (35 %), one in Calabria (29 %) and two in Sicily (10 %) (ISTAT 2011). In Tunisia, these sampling points cover 97 % of the national production: Mornag (23 %), Sahel (22 %), Menzel M'Hiri (20 %), Sfax (25 %) and Medenine (7 %) (GDAP 2011).
The studied areas are with different olive cultivars. In the Spanish study area, the principal cultivars are Hojiblanca, Picual, Picudo and Lechín. In Italy, the cultivars in Sicily are Biancolilla and Nocellara; in other areas, the more important cultivars are Frantoio, Carolea and Coratina. In the Tunisian studied areas, the principal cultivars are Chetoui and Chemlali.
The airborne pollen counts represent the total amount of Olea pollen in the air during the pollen season; this variable is termed the Pollen Index (PI). The pollen season start date was defined as the first day in which at least a daily average of 1 pollen grain/m 3 of air was reached, with at least five subsequent days with ≥1 pollen grain/m 3 (García-Mozo et al. 2009 ). The end of the season was the last day on which 1 pollen grain/m 3 was recorded and when five subsequent days showed <1 pollen grain/m 3 . In Spain and Italy, airborne pollen were recorded using Hirst-type volumetric traps (Hirst 1952) , which were managed according to the standardised rules laid down by the Spanish Aerobiology Network (Galán et al. 2007 ). In Tunisia, airborne pollen was detected using Cour traps (Cour 1974) . The traps have been sited in the administrative capitals of the growing study areas (Fig. 2) .
Meteorological data included maximum and minimum daily temperature, daily rainfall, daily solar radiation, Fig. 1 Olive grove in the South of Córdoba province, where it is the main economical resource. The present paper will improve the productivity of the olive grove in the Mediterranean area maximum and minimum daily relative humidity and mean daily wind velocity. These parameters were recorded at the weather stations nearest to the aerobiological samplers. The meteorological data from Spain were provided by Andalusian Phytosanitary Information Alert Network (RAIF) and the Spanish Meteorological Agency (AEMET). The Italian meteorological data were obtained from the network stations of the National Council of Agricultural Research (CRA-Cma). In Tunisia, meteorological data were provided by the different stations of the National Meteorological Centre (NIM).
The abiotic variables analysed have been mean, maximum and minimum temperature, cumulated rainfall, evapotranspiration of the olive crop (ETc.), cumulated rainfall minus ETc. and net radiation from 1 year before each harvest. These parameters have been included in the analysis as a global, bi-monthly, monthly, fortnightly or 10-day value.
ETc. was calculated following the Penman-Monteith formula as modified by the Food and Agriculture Organization of the United Nations (FAO; Allen et al. 1998) . Different daily parameters have been taken into account for ETc. calculation: maximum and minimum air temperature, mean air temperature, solar radiation, wind speed and maximum and minimum relative humidity. For missing meteorological data estimation, the FAO P-M guide proposal (chapter 3) has been followed (Allen et al. 1998 ). The crop rates proposed by the FAO were used to calculate ETc. (Pastor and Orgaz 1994) .
Rainfall and temperature characteristics (Table 1) in each of the study areas share similarities in the Mediterranean climate, although there are some clear differences, i.e. lower annual rainfall and higher temperatures in Tunisia than in Italy and Spain or warmer climate in Spain than in Italy.
In the present study, six models were built based on different area ranges: three national models at country scale for Spain, Italy and Tunisia, and three local models at province scale that represent the central, northern and southern olive growing areas for Cordoba (Spain), Perugia (Italy) and Zarzis (Tunisia), respectively. Statistical procedure has followed two different steps at both scales; although typification transformation has no effect on the final outcome of the local models:
I. Typification . All study sites are with different biological and meteorological features; however, in the case of national models, several areas have been analysed together.
For this purpose, all variables were typified before modelling to prevent any particular sampling point with more weight in the statistical interpretation than the others. To avoid these potential errors, the following typification formula has been applied:
where X i is an analysed case of variable X, Z i is the typified value of X i , X is the mean value of the variable X and σ is the standard deviation of variable X. 
II.
Modelling. The models were constructed using the partial least squares regression method (PLSr), taking the crop production as a dependent variable and the different meteorological and aerobiological variables as the independent variables. PLSr is considered as an appropriate statistical technique when a high number of observations and a high number of independent variables are involved in the modelling process. Modelling was based on linear transformation of the original descriptors to a small number of orthogonal factors (latent variables) to maximise the covariance between the descriptors and the dependent variables. PLSr method develops latent variables, like the principal component analysis and prior regression, but they are building with the purpose to explain the dependent variable, i.e. the crop production. In this sense, latent variables are built more efficiently than with other multivariate methods. In this paper, each latent variable represented a key factor for olive crop production. All of the models were validated following the full cross validation method. Unscrambler 9.7 software was used.
Results and discussion
Some studies have attempted to model the relationship between olive crop production and different airborne pollen and weather variables prior to harvesting González-Minero et al. 1998; Fornaciari et al. 2002 Fornaciari et al. , 2005 Orlandi et al. 2003 Orlandi et al. , 2005 Orlandi et al. , 2010 Galán et al. 2004 Galán et al. , 2008 Ribeiro et al. 2007 Ribeiro et al. , 2008 García-Mozo et al. 2008; Aguilera 2012) . This paper tries to improve these studies in two points: in all these studies, linear regression approach for solving the problem has been used; in this study, a novel statistical methodology based on two different steps has been used: (1) typification and (2) modelling by PLSr. This statistical analysis allows to model crop production in several areas at the same time. Being the first time that it is modelling more than one province at the same time, the first models, built at country scale, can provide useful information. On the other hand, thanks to the use of a database with the highest study area and study years so far, it is possible to know the main abiotic parameters responsible for crop production at different scales and to obtain global conclusions. Only the abiotic control on yield and PI has been taken into account due to PI summarising the percentage of variability explained by other area features like the cultivar. Moreover, the most accurate forecasting model has been at the province level; the heterogeneity in biotic features and anthropogenic management at province and national levels precludes its use as crop yield forecasting variables with scientific purposes. For this reason, it is difficult to know its influence on crop production at a large scale. While management features, like the extensive-intensive management or the fertilisation, must be taken into account when the aim is develop accurate crop yield forecasting models at farm scale. Previous studies have shown that PI can be used as a representative index for floral phenology for different cultivars and areas. PI is determined by physiological characteristics of the tree, influenced by the meteorological parameters prior to the flowering period (rainfall, water availability and to a lesser extent, temperature) in the Mediterranean basin (Galán et al. 2001; Oteros et al. 2013a Oteros et al. , 2013b . In this sense, the pollen index has been usually the most important parameter in crop-forecasting models (i.e. Galán et al. 2004 Galán et al. , 2008 . Due to olive trees producing a large excess of pollen with respect to that needed for fertilisation (Barranco et al. 2008 ), previous studies have been able to define relationships between crop production and PI during shorter periods of time than pollen season; i.e. in the days prior to full flowering or in the period around full flowering García-Mozo et al. 2008; Ribeiro et al. 2008; Cuevas et al. 2009 ). However, this paper has shown the important role of PI in all the models for crop production. These results have been supported by previous studies (García-Mozo et al. 2008) , observing in different occasions better results by considering the annual PI.
Both determination coefficient (R 2 ) and determination coefficient of the full cross-validation (Q 2 ) for the different models (Table 2 ) are higher when lower numbers of explained areas are included in the model, at lower scale. For this reason, the province-scale models (local models) offer better predictions, showing the important role of specific agro-climatic features of a given area for modelling. Figure 3a shows the local modelling with different variables involved.
In Córdoba model, PI, water availability in spring (rainfall minus crop evapotranspiration from 1 October to 30 April) and mean September temperature have shown positive influences on crop production. In contrast, both mean January temperature and mean July maximum temperature show negative influences on the final crop production. In Perugia model, PI, accumulated rainfall from 1 January to 31 June and mean October minimum temperature showed positive influences on final crop production. On the other hand, mean January temperature and mean of the maximum temperature in the second 10 days of July show negative influences on crop production. In the Zarzis model, a positive relationship was observed between PI, water availability in spring (rainfall minus crop evapotranspiration from 1 October to 30 April) and March rainfall and crop production, while maximum temperature during the second 10 days of July showed significant negative effect.
In case of national model for Spain (Fig. 3b) , PI has been the most important variable. Other variables with positive influences were water availability in spring (rainfall minus crop evapotranspiration from 1 October to 30 April) and the mean September temperature. The average of the maximum temperatures during the first 10 days of May showed a negative effect on the final fruit production. In the Italian model, PI, cumulative rainfall in March, mean of the minimum temperatures during the first 10 days of May and mean September temperature showed positive effects on crop production. In contrast, means of maximum temperatures during the last 10 days of May and during August showed negative influences on the crop production. In the Tunisian model, PI, water availability in spring and mean of the minimum temperatures in the last 10 days of April showed positive influences on crop production. Any variable with a negative effect on the final fruit production has not been observed.
In both the national (at country scale) and local (at province scale) models, the thermal variables were important for fruit production; however, given the variations across these environments and the phenological uncoupling, the local models are better adapted than the national models. Air temperature effect on olive tree productivity varies according to the studied area, depending on different weather contexts throughout the year (Oteros et al. 2013b; Aguilera et al. 2013) .
Other authors have shown a negative effect of rainfall on PI during the pollination period due to the wash out by raindrops (Vázquez et al. 2003) . This phenomenon have not been noted for olive crop due to only 2 % of effective fruit set is sufficient for an excellent crop yield (Barranco et al. 2008) , although in these strange cases the PI would be less related with flowering intensity.
Water availability in autumn and spring (rainfall minus crop evapotranspiration from 1 October to 30 April) is another important variable in most of these models, except in the Perugia local model and the Italy national model. In these cases, water availability variable is replaced by accumulated rainfall between 1 January and 30 June and the accumulated precipitation during March. However, all of these hydric variables can be interpreted in the same general way: good water availability for flowering is a factor that favours crop production in all study areas. Many other studies agree with this result, which relates to the importance of water availability for floral development, arguing that this fact can influence N number of study areas in each model, X mean of the dependent variable, SD standard deviation of the dependent variable, R 2 determination coefficient of the model, Q 2 determination coefficient of the full cross validation the number of flowers per inflorescence or provide a greater photosynthetic capacity for the plant (Rallo 1994; Candau et al. 1998; Galán et al. 2004 Galán et al. , 2008 . Other studies have related the importance of water availability in terms of the process of fruit setting and early fruit drop after fecundation . Indeed, the presence of a water deficit has important impact on the development of the whole plant, which can be observed at the phenological, physiological and production levels (Bacelar et al. 2007 (Bacelar et al. , 2009 Barranco et al. 2008; Rapoport et al. 2012) .
Air temperature is another important variable in different areas. However, decoupling from the phenological development time means that different effects can be seen for the various analysed areas. On local models for Cordoba and Perugia, the mean January temperature showed a negative influence on crop production. In late autumn and early winter, olive trees undergo a dormancy period when their growth and development are temporarily suspended (Melo-Abreu et al. 2004 ). Afterwards, a stress situation due to low temperature is required for them to emerge from dormancy, a chilling period (Orlandi et al. 2004; Galán et al. 2005) . Other studies have shown negative relationships between temperatures during this dormancy and harvest production . High temperatures during this period can delay breaking of dormancy, and therefore delay phenological development (Orlandi et al. 2006) .
On the other hand, the minimum temperatures recorded during the pre-flowering period showed a positive relationship for crop production on the national model for Italy (the mean minimum temperatures in the first 10 days of May) and the national model for Tunisia (the mean minimum temperatures in the last 10 days of April). Similar relationships have been Fig. 3 Regression coefficients of the important variables in local models (a) and national models (b). PI pollen index; Rf-Etc.(OctApr) cumulated rainfall from 1 October of the preceding (n −1) year to 30 April minus the evapotranspiration for the olive crop over the same period; Tmn(Jan) mean January temperature; Tmax(Jul) mean daily maximum July temperature; Tmn(Sep) mean September temperature; Rf(Jan-Jun) cumulated rainfall from 1 January to 30 June; Tmax(2nd_Jul) mean daily maximum temperature for the second 10 days of July; Tmn(Oct) mean October temperature; Rf(Mar) cumulated rainfall from 1 to 31 March; Tmax(1st_May) mean daily maximum temperature in the first 10 days of May; Tmin(1st_Mar) mean daily minimum temperature in the first 10 days of March; Tmax(3rd_May) mean daily maximum temperature in the last 10 days of May; Tmax(Aug) mean daily August maximum temperature; Tmin(3rd_Apr) mean daily minimum temperature in the last 10 days of April observed in other studies, where it has been maintained that exposure of the olive trees to heat before flowering promotes an increase in the photosynthetic capacity and favours the pollination process (García-Mozo et al. 2008) . Furthermore, higher temperatures during fruit setting showed a negative relationship with crop production in the Spanish model (mean maximum temperatures in the first 10 days of May) and in Italy (mean maximum temperatures in the last 10 days of May). The decoupling of the phenological development time will be the reason for the differences in the periods when temperature affects olive in different geographical areas. Other studies have noted that elevated temperatures during the fruit setting period can lead to excessive fruit drop, and hence lower production yield. Although, during this period, a high fruit abortion rate on olive tree, water deficit and high temperature is normal to accentuate this process (Aguilera 2012) .
High temperatures and evapotranspiration during the summer are also causes of increased fruit drop, and hence a decline in the crop production, according to various studies (Ribeiro et al. 2008; Orlandi et al. 2010 ). The present study has also found this relationship for the local models for Córdoba, Perugia and Zarzis, and also in the national model of Italy.
There is also a positive relationship between autumn temperature and crop production in the local models for Córdoba and Perugia and the national models of Spain and Italy. It has been also observed by other studies manifesting the role of these temperatures on the maturation process .
In general, the dependent variable shows different relationships with the different predictive parameters depending on the studied areas. In this sense, local models offer optimum forecast potential (Fig. 4) . However, national models do provide valuable information about the parameters that affect the different study areas more, revealing the most important variables for olive crop production, and which areas will be more fragile in a changing environment.
With regard to the effectiveness of the models in the present study, it can be seen that they were more accurate in local areas. The reason is the heterogeneity when input data increase due to environmental conditions that can influence plants at different study areas. Weather conditions can act in different ways on the reproductive cycle of olive trees depending on the previous meteorological context, which might have been decisive for the physiological status of the plant (Oteros et al. 2013b) .
Nevertheless, wider models can still help to understand responses of olive trees in different agroecosystems and to determine the most important variables affecting olive fruit production. The data from these wider models will therefore help to deepen the knowledge of potential effects of climate change in the Mediterranean basin. 
Perugia
Expected Fig. 4 Yearly crop production as observed and as expected according to the indicated local models; t metric tons. These models were validated using the full cross-validation. As can be seen, these local models can be used effectively for crop forecasting purposes
The Intergovernmental Panel on Climate Change (IPCC WGII 2007) proposes several future climatic scenarios based on different estimations of humanity development and climate trends. The A1B emission scenario is the most accepted by the scientific community; this future scenario assumes a rapid increase of greenhouse gas (having about 700 ppm of CO2 concentration in year 2010). Giorgi and Lionello (2008) use this scenario for concluding that temperatures and evapotranspiration increases in the Mediterranean basin opposite to rainfall that decreases. In this sense, according to present results, olive crop production will tend to decrease although local climatic features can modify the way in which olive trees will respond to climate change. For this reason, the present paper must be taken into account in future studies to confirm this fact.
The data of this study are important for determining actual meteorological requirements of different olive cultivars in the Mediterranean basin where olive cultivation is the main resource for thousands of families and generate great economic wealth each year. Due to the novelty of the statistical approach on crop modelling and the big surface extension analysed in the present paper, the study has improved the results obtained in the present, being of vital importance from the standpoint of environmental, economic and social development in a changing environment.
Conclusions
The local models had potentially high predictive values, while these predictive values appeared to decrease in national models along with increases in the heterogeneity of the characteristics of the overall study area. In this sense, we propose the use of specific low-scale models better adapted to agroclimatic features with forecasting purposes.
However, national models provide valuable information about the parameters that had greater effects on olive crop forecast in the different study areas and about the areas that will be more fragile in a changing environment.
The pollen index and water availability during spring represented the most significant variables in all models, and they were essential for optimal crop production in the Mediterranean basin. Temperature has been another significant parameter in the models with clear positive effects on crop production during the period prior to flowering and during autumn, and with negative effects on crop production during the process of fruit setting in winter and then during summer.
This study has improved all the previous crop modelling studies under aerobiological approach in a statistical sense and on the spatial extrapolation of conclusions, providing a partial least square regression analysis applied to a broader Mediterranean surface, i.e. the largest olive growing area in the world. The present paper proposes a new approach that improves all previous studies. This new statistical approach shows better results than with previous olive crop models based on linear regression; it should be taken into account for future crop modelling studies in different agroecosystems.
